Respiratory ill-health effects due to particulate air exposure at different geographical locations in Hong Kong that aggregate individual living locations were estimated based on satellite information. We assessed the presence of respiratory symptoms of a frequent cough or sputum in school students aged 11-20 years old (n ¼ 9,881). Daily particulate air pollution levels at students' living locations were derived from the surface extinction coefficients measured by satellite and measurements from the air pollutant monitoring stations at ground level. Adjusted odds ratio (OR) [95% CI] of respiratory symptoms was 1.047 [1.005, 1.091] per 10 mg m 73 increase in PM 10 concentration. Specificity tests showed that adjusted OR of having other symptoms is not significant (p ¼ 0.20-0.94). Exposures to PM 10 at different geographical locations is associated with increased odds of having respiratory symptoms (cough or sputum) but not with other symptoms unrelated to air pollution.
Introduction
A respiratory cough and sputum are common problems in school students, and are usually associated with viral infections (Monto et al. 1971) . However, they are also found to be associated with air pollution (Goren et al. 1990; Ong et al. 1991; Schwartz et al. 1991; Pope and Dockery 1992; Schwartz et al. 1994; Peters et al. 1996; Braun-Fahrla¨nder et al. 1997; Milligan et al. 1998; Qian et al. 2000; Bayer-Oglesby et al. 2005) . The associations are stronger with coarse particulates than with fine particulates and gaseous air pollutants (Zhang et al. 2002) . Epidemiological studies have estimated the health effects of particulate air pollutants based on the ambient air quality at monitoring stations. Since stations are usually scattered around large geographical areas, its spatial representativeness is inherently limited to represent exposure at individual locations that are far away from the stations. These limitations, however, can be overcome by using the satellite imaging data that are routinely captured for a defined geographical area.
Recently, the National Aeronautics and Space Administration (NASA) satellite data derived from Moderate-resolution Imaging Spectroradiometer (MODIS) (Chu et al. 2003; Wang and Christopher 2003) have been shown to be good measures for air pollution, especially for particulate pollutants which could be estimated at any geographical point of the globe (Gupta et al. 2006) . With control for cloudiness and humidity, monthly average of PM 10 levels in all geographical points with 1 km 2 resolution over the territory of Hong Kong have been estimated , based on aerosol optical depth using validated algorithms and aerosol models (Kaufman et al. 1997; Chu et al. 2002; Remer et al. 2005) . Although MODIS is useful for resolution up to about 10 km 2 rather than 1 km 2 , which is still highly uncertain (Veefkind et al. 2007) , formal evaluation of the remote sensing approach versus the regulatory network of monitoring measurement in Hong Kong was reported elsewhere ).
In the present study, we applied the satellite-detected information to derive daily PM 10 levels at different geographical locations to study whether exposures to particulate air pollution at individuals' residential and schooling locations is associated with respiratory symptoms in secondary school students in Hong Kong.
Methods

Subjects
The health data were collected from a cross-sectional study of the Hong Kong Student Obesity Surveillance (HKSOS) on secondary school Chinese adolescents aged 11-20 years (i.e. students from Form 1-7, equivalent to Grade 7-12 in the US) from September 2006 to March 2007. Ethical approval from the Institutional Review Board and consent from the participants was collected. Forty-two out of 150 invited schools participated (see small dots in Figure 1 ), representing all local non-international secondary schools stratified by district, source of funding, religion, language of instruction, and sex types. All students in the selected schools were invited and 34,678 questionnaires were collected (84.5% response rate). A total of 9,881 subjects meeting the selection criteria below and with non-missing information of covariates were included in the present analyses.
Data selection
In Hong Kong, secondary school students spent approximately 80% of their time at their living and school area altogether (assuming 8 h per day spent at school for five days, 14 h per day spent at home for seven days). Their exposures to ambient particulate air pollutant, PM 10 , were determined by the ambient PM 10 levels at both of these locations. As we did not collect the residential addresses of the students, we selected students who were living within a 20-min walking distance of the school and used the estimates at the school to represent a subgroup that has homogeneity in ambient PM 10 exposures in both residential and schooling area. The sample size reduced by 66% because of this selection and further reduced by 22% due to missing data of covariates and the health outcome variable of respiratory symptom (details in the following paragraph). Sensitivity analysis on the same health outcome variable was carried out using average PM 10 level of the whole Hong Kong area regardless of their residential location (see Appendix).
Measurement of exposures to PM 10 in the past 30 days Based on NASA's satellite information, spatial variation of surface extinction coefficients (SEC) with control of cloudiness (99% cloud free) in each month is mapped at 1 km 2 resolution in Hong Kong . School addresses were geo-coded into geographic coordinates to retrieve this satellite information at each school location. Daily PM 10 was estimated by using the daily data from the monitor stations of the Environmental Protection Department (EPD) together with the satellite information that addressed the spatial variations. In total, nine stations were used (Hong Kong Environmental Protection Department [HKEPD] 2008), although three roadside stations and two general stations (in Tung Chung and Tap Mun where schools were not sampled) were not used ( Figure 1 ). We calculated the ratios of SEC at each school to mean SEC of the nine EPD stations. Then we estimated the daily PM 10 levels for each school by the product of this ratio and the mean daily PM 10 concentration of EPD stations.
After obtaining the daily PM 10 levels for each school, the average PM 10 concentration in the past 30 days from the participation date of each student was calculated to represent their average exposures in the past 30 days. This average exposure estimate corresponded to the self-reported respiratory symptoms that could occur in any one day over the past 30 days. It should be regarded as a one-month average exposure rather than a short-term exposure, which is usually measured as daily average in time-series epidemiological studies (Wong et al. 2001 (Wong et al. , 2008 Hedley et al. 2002; Wong TW et al. 2006; Ko et al. 2007 ). 
Measurement of respiratory symptoms in the past 30 days
The presence of respiratory symptoms of a frequent cough or sputum in the past 30 days was self-reported by each student in the standardized structured questionnaire. This health outcome variable was validated by the presence of significant association with the well known predictor, smoking (Lam et al. 1998; Lai et al. 2009 ), after adjustments of appropriate covariates. Other illnesses, such as influenza, sore throat, headache, pimples, musculoskeletal pain, stomach ache, and frequent fatigue were also reported if encountered in the past 30 days, and these were used for testing of specificity of the effects of air pollution, as we expected no association.
Data analysis
The relationship between the students' average exposures to PM 10 in the past 30 days as a continuous independent variable and the presence of respiratory symptoms in the past 30 days as a binary dependent variable were assessed by logistic regression based on generalized estimating equation. Within-cluster correlation at school-grade level was controlled. Regression adjustments were made for all available potential confounding factors including sex, age, season (excluded summer when no survey was carried out), student's smoking status, parent's smoking status, average influenza intensity (based on general practitioner surveillance data from Department of Health in the past 30 days), average temperature in the past 30 days, average relative humidity in the past 30 days, school grade, home floor area, housing type, frequency of exercising for 30 min, alcohol drinking status, asthmatic status of the students and their close family members. All statistical analyses are assumed significant at 0.05 level. Data were analyzed using SAS for windows (version 9.1, SAS Institute Inc.).
Results
The correlation between PM 10 levels recorded by the monitoring stations and the satellite information was close to 0.9 both temporally ( Figure 2 ) and spatially ( Figure 3 ). Correlation (R) between the PM 10 exposure estimate with and without satellite data was 0.95 (p 5 0.01). Table 1 shows that having respiratory symptoms (cough or sputum) was associated with being female, aged above 15, being in Form 4 (equivalent US grade 9) or above, living in aided ownership estate, exercising less than once per week, alcohol consumption, having asthma, and having asthmatics among close family members. Lower temperature (p 5 0.01) and relative humidity (p 5 0.01) were also significantly associated with having respiratory symptoms but the differences between the two comparing groups were small. Sensitivity analysis showed that the results in Table 1 were very similar to the results obtained using the whole group. Table 2 shows that the excess risk [95% CI] of having respiratory symptoms in the past 30 days was elevated by 4.7% [0.5-9.1%] per 10 mg m 73 increase in PM 10 concentration. This excess risk was more or less the same among the non-smoking subgroup (4.6% [0.2-9.2%]) and the subgroup without asthma (4.7% [0.1-9.4%]). The excess risks for female and male subgroups were similar in magnitude but not statistically significant, possibly due to a reduction in sample size (females 3.9%
[71.5% to 9.4%] and males 4.8% [70.6% to 10.1%]). The excess risks of the rest of the symptoms, including influenza, sore throat, headache, pimples, musculoskeletal pains, stomach ache, and frequent fatigue were not associated with an increase in PM 10 concentrations. 
Discussion
This study shows the health effects of exposure to particulate air pollution on school students at individual locations in Hong Kong. Temporal and spatial variations of air pollution levels are used for the assessment. Although the spatial variations were 1.016 (0.966, 1.070) *p 5 0.05; ***p 5 0.001. n 0 and n 1 refer to the number of students without and with respiratory symptoms, respectively. All adjusted odds ratios were obtained with adjustments for sex, age, season, influenza intensity, temperature, relative humidity, student's smoking status, parent's smoking status, school grade, home floor area, housing type, exercise frequency, alcohol drinking status, student's asthmatic status, student's close family members' asthmatic status, whenever these covariates were available in the analyses.
limited to the locations of 42 schools, our sensitivity analysis showed that when only temporal variations were used, the effect of air pollution on respiratory symptoms was attenuated (excess risk reduced from 4.7-3.8%) and non-significant (see Appendix), indicating that the spatial variations were not trivial despite the modest numbers of geographical locations. This is consistent with the hypothesis that air pollution exposure without taking geographical variation into account is subject to measurement errors (Wade et al. 2006) . We demonstrated that these measurements from the satellite are in good agreement (R ¼ 0.9), temporally and spatially, with the direct measurements from the ground-level air pollutant monitoring stations during the study period (Figures 2 and 3) . Although collection of exposure data at individual locations will be helpful to further validate the estimation for exposure level based on satellite data, the large sample size of the present population study is sufficient to cover the uncertainty at individual level when estimating the average health effect estimates at population level. We also checked that the adjusted associations between respiratory symptoms and smoking were significant and therefore consistent with previous findings (Lam et al. 1998) , indicating that the observed effects using these measurements of respiratory symptoms is coherent with those using other measurements as health outcome, suggesting that the results derived from this study are valid. The present study shows that among all reported common symptoms, the association of respiratory symptoms (cough or sputum) with short-term 30-day exposures to particulate air pollution is quite specific. The health effect of about 5% per 10 mg m 73 increase in PM 10 is reasonable as the assessment period for the presence of health outcome is long (over 30 days) and the cough or sputum symptoms are very common (21% prevalence). This association is well supported in the literature (Goren et al. 1990; Ong et al. 1991; Schwartz et al. 1991; Pope and Dockery 1992; Schwartz et al. 1994; Peters et al. 1996; Braun-Fahrla¨nder et al. 1997; Milligan et al. 1998; Qian et al. 2000; Zhang et al. 2002; Bayer-Oglesby et al. 2005) .
The crude odds of having influenza, which is also associated with presence of respiratory symptoms, appeared to be elevated by the particulate air pollution; however, the association was no longer observed after regression adjustments. Other symptoms including sore throat, headache, pimples, low back pain, neck pain, stomach pain, and frequent fatigue were clearly not associated with particulate air pollution.
Sensitivity analyses on subgroups showed similar adjusted odds ratios after excluding students who were smokers or who had asthma. Sensitivity analyses by other subgroup stratifications (results not shown), such as close family members without asthmatic history, lower Forms (equivalent US grade 8 or below) of students, also showed significant air-pollution effects (5% increased odds) on respiratory symptoms only but not on all the other symptoms. All of these sensitivity analyses further strengthened the validity of our findings and hence the chance of errors due to multiple comparisons (Savitz and Olshan 1995) could be further reduced.
Our results were unlikely to be confounded by seasonality and meteorological conditions since most of the survey fieldwork (over 90%) was carried in the early first semester (September to October) to minimize disturbances on teaching and to avoid the examination periods. Temperature, humidity, and all other unmeasured weather conditions and seasonality were similar during this period. Nevertheless, a disadvantage of this homogeneity within season is a trade off in generalizability of the results to other seasons; and hence, caution is needed when interpreting the results. However, air pollution levels in September and October are usually at the average of the year so that over-or underestimation on health effects of air pollution is unlikely.
When air pollution monitoring data are available nearby these places, temporal variations can also be additionally taken into account. When air pollution monitoring data are not available, the less-revolutionized daily extinction coefficient data can also be used. Nevertheless, the methods in this study can also be used to study the effects of air pollution on other morbidity and mortality outcomes. However, this application of satellite data derived at 1 km 2 resolution is still limited to studies on particulate air pollution but not yet on other gaseous air pollutants. Besides, the quality of the satellite retrievals is still a major limitation to exposure and epidemiological research because there is still uncertainty in the modeling of tropospheric aerosol retrieval (Veefkind et al. 2007 ). Nevertheless, improvements can be made by a better characterization of surface and cloud properties, and retrieval modeling improvements (Veefkind et al. 2007 ). Existing frameworks for health risk assessment could also benefit from the use of satellite data.
Conclusion
Health effects due to exposure to air pollution at different geographical locations that aggregated individual living locations estimated by application of satellite remote sensing information depends on the continuous improvement in the accuracy of satellite remote sensing information. However, the methods of using satellite data involve very little additional cost for measuring air pollution. If the technical uncertainties and limitations of satellite information can be overcome, they can be very useful in places where ground-based ambient air quality monitoring is inadequate, particularly in developing countries, or rural or smaller towns in developed countries.
